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• POSSIBLY THE SIMPLEST METHOD of determining the 
characteristic impedance is to terminate a quarter-wave section of 
line in a variable resistance, to measure tlit* input resistance with 
the Type 916-A Radio-Frequency Bridge, and to adjust the termi¬ 
nating resistance until the input and terminating resistances arc 
equal. The value of resistance at which the two are equal is ex¬ 
actly the characteristic impedance, in the ideal case of a loss-free 
line terminated in a pure resistance. Attenuation in the line and 
reactance in the termination modify the liehavior slightly, in ac¬ 
cordance with the following approximate expression: 




, 10 ) 


in which Xq and \ r arc the reactive coni|M>nents of the characteristic 
iuqiedance and the terminating im|KMiance. rcsjicctivcly. For the 


condition 


( y o _|_ y \ 2 

—J << I. Equation (10) may he written as 

* .[‘ 

The effect of Xo 7 on Equation 1 11) is negligible for lilies having reason¬ 
ably low-loss insulation, at frequencies of the order of a megacycle. 
The effect of Xr 7 . however, max easily make the correction term 
of (11) become a few percent. 

The reactive component of a decade resistance 1h»x, such as might 

Yo is capacitive in nature hut Kquutiou (11) i** so written that the positive 
numerical value is to he used. The *ign of Xr should In* powitivr for inductive 
reactance in the termination anil negative for capacitive reactance. 
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Ik* used for the variable termination, is 
almost invariably imluetive in nature, 
al the > allies of resistance required for 
lhis type of measurement. It is there¬ 
fore a relative!) simple matter to reduce 
the net reaetam*e of the termination to a 
negligible \alne by eon nee ling in series 
a lived capacitor of appropriate size. 


Example of Measurement 


The 117-foot length of Tver- 771 
liable >%as terminated in a Type f>02 
Decade-Resistance Box. The input re- 
sistanee was measured on the T\Pl-: 
916-A Radio-Frequency Bridge, at 1.26 
megacycles, the previously determined 
quarter-wave frequency. The input and 
terminating resistances were found to be 
equal for a 71.2 ohm setting of the dee- 
ade box. 'l'liis value, to a first approxi¬ 
mation, corresponds to the eharacter- 
istic itnfiedance of the line. 

The series reactance (Xr) of the 
decade box was measured directly on the 
bridge and found to Ih* 10.3 ohms. \„, 
i lie reactive coiU|H>nent of w as known 
from previous measurements to Ih* about 
2.1 ohms. Inserting tliese values in 
liquation (11*. the characteristic re¬ 
sistance is 


IL = 71.2 


I + 




= 71.2 [I + 0.0132] 

= 72.3 ohms 

The \alne of \ 0 will, of course, not Ih* 
know n unless inde|N*ndent tneasurcnients 
are made. If it is neglected in liquation 
(II), the indicated \alue of Ru is 
72.0 ohms. 

Vs a check oil the method and on the 
\aliditx of Equation (II), a capacitor 
having approximately 10 ohms reactance 
was connected in series with Hr. to re¬ 
duce to a negligible value the effective 


value of \ /. flit* input and terminating 
resistances were then found to be equal 
for a selling of 72.2 ohms. The agree¬ 
ment with the corrected value obtained 
from the first measurement is excellent. 

The direct-reading accuracy of the re¬ 
sistance dial of the Type 916-A is 1',. 
If measurements to an accuracy letter 
than \ ( , are required, a correction factor 
lor tin* dial reading must Ih* determined. 
The correction factor may Ih* obtained 
by measuring known resistors, whose* 
values lie reasonably near (Ih* unknown 
value to Ik* measured. 

The data given for the two measure¬ 
ments just descried were corrected b\ 
checking the bridge against Type 300 
Resistors, whose resistance values an* 
known to within a few tenths jier cent at 
the frequency of measurement. The cor¬ 
rection was within the nominal I', ac¬ 
curacy and amounted to only a few 
tenths ohm. 

Attenuation Measurement from 
Standing-Wave Ratio 


The ratio of input voltage to output 
voltage on an open-circuited transmis¬ 
sion line is given hv 

— in - = cosh al cos 

I out ( I *-) 

-\- j sinli al sin (il 

If the length of lint*. /. corres|K>nfls to an 
odd multiple of a quarter-w avclcnglh. we 
have cos &1 0, sin pi — dt I and Equa¬ 

tion (12) reduces to 


±j sinh al (13) 

' out 


Considering magnitude only and assum¬ 
ing that al is small compared to unity. 
Equation (13) can in turn Ih* written as 



J Mill 


Ml) 




• 'opyriglit, 1913, < o'lii'rul Hii'liu < <un|mny. CaintiHilKe, Mi«w . I . S. \. 
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The true condition of quarter-wave res¬ 
onance is diflicult to establish experi¬ 
mentally, hut with low-loss lines no 
significant error is introduced if the con¬ 
dition of maximum voltage rise is used 
instead. 

The condition of maximum voltage 
rise can be determined experimentally 
with a variable frequency oscillator, or 
signal generator, and a vacuum-tul** 
voltmeter. Both the input and output 
voltages on the liue will vary with fre¬ 
quency and the ratio of the two voltages 
must theoretically be taken at several 
frequencies to determine the maximum 
value. Practically, the correct frequency 
can be located quite accurately bv ad¬ 
justing for the minimum value of input 
voltage since the line input impedance 
goes through a minimum at this fre¬ 
quency. 

Effect of Harmonics 

The experimental difficulty with the 
voltmeter method lies in the possible 
serious errors that may he encountered 
from harmonic distortion in the voltage 
source. Phis ty pe of error depends on the 
ini|N‘dance of the source, as well as on 
the harmonic content of the voltage. \t 
the frequency corresponding to quarter- 
wave resonance, the cable input im- 
|»edance is extremely low so that I „ at 
this frequency is small. At the second 
harmonic frequency, however, the input 
impedance is high, as the line is in ap¬ 
proximate half-wave resonance at the 
double frequency. Consequently, the ap¬ 
plied fundamental voltage is lower than 
on open-circuit while the second- 
harmonic voltage is about the same as on 
open-circuit. The lowered fundamental 
voltage is stepped up to the cable output 
by the resonant rise in the line and the 
second-harmonic voltage at the line out¬ 


put is essentially equal to the second- 
harmonic voltage at the line input. 
Under these circumstances the harmonic 
content of the input and output volt¬ 
ages will differ and the observed voltage 
ratio may Ik* seriously in error. 8 The 
magnitude of the error introduced de¬ 
pends upon the ratio of the generator im- 
|M*dance to the characteristic inqiedance 
of the line, and upon the type of re¬ 
sponse of the voltmeter, that is, peak 
reading, r-m-s, or average. 

Difficulties from harmonic distortion 
can, of course, l>c avoided by the use of a 
tuned voltmeter. V radio receiver may 
also Ik* list'd, if means arc available for 
calibrating its sensitivity. 

Effect of Voltmeter Loading 

The finite input resistance of the 
v acuum-ttibe voltmeter may, of course, 
reduce the resonant rise, and the input 
capacitance may shift the frequency of 
quarter-wave resonance. The latter ef¬ 
fect is negligible at low frequencies. For 
example, the input capacitance of the 
Type 726-A \ acuuni-Tube \ollmeter is 
approximately 6 mmU while the total 
capacitance of a quarter-wave section of 
line at one megacycle may he several 
thousand micromicrofarads. 

The effect of the resistive loading of 
the line by the voltmeter depends upon 
the ralio of the voltmeter resistance to 
the output resistance at the open end of 
the line. At a frequency of one megacycle 
the input resistance of tin* Tv pi*: 720-\ 

\ acuum-Tube \ oil meter is greater than 
one megohm. Tlfe out pul resistance of a 
typical line in quarter-wave resonance 
al this frequency" will In* very much less 

“An experimental observation with a 1500- 
olirn generator feeding a 75-ohm cable yielded 

a resonance rise ratio . of 1. whereas the 
I ill 

known correct value was 20. 
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Ilian one megohm, ami the voltmeter 
loading rail hr neglected. 

Examples of M easurement 

The resonant rise in the quarter- 
wavelength of Type 774-A Cable was 
measured, using a Type 805-A Standard- 
Signal Generator as the voltage source, 
and a Type 726-A Vacuum-Tube Volt¬ 
meter as the voltage indicator. The min¬ 
imum ratio of J in to J out was found to be 
0.0464 and occurred at a frequency of 
1.26 megacycles. The indicated value of 
al is almost 20% lower than that ob¬ 
tained from the quarter-wave input- 
resistance measurement previously de- 
scribed. A part of this discrepancy was 
traced to the effects of temperature on 
the attenuation constant (the voltage- 
rise measurement was made at an am¬ 
bient temjierature nearly 20° F. lower 
than the input-resistance measurement) 
and the rest is assumed to Ik* due to the 
effects of harmonics on the voltage-rise 
measurement. 

Velocity of Propagation 

The imaginary component (/3) of the 
complex propagation constant is fre¬ 
quently specified in terms of v 9 the ve- 


(15) 


(16) 


locily of phase propagation. The rela¬ 
tionship is given by 

c»> 2 ir 

0 = : = x 

The velocity of propagation can be 
deduced from observations on the res¬ 
onant lengths of the line, using the fol¬ 
lowing relationships. The ratio of the 
velocity on the line (vi) to the free-space 
velocity (t?,) is equal to the correspond¬ 
ing ratio of wavelengths (X/ and X,), al 
any given frequency. 

P/ _ X/ 

X, 

But X„ the free-space wavelength, can be 
expressed in terms of frequency as 
800 

X, = y (17) 

where / is in megacycles and X, in 
meters. 

From (17) and (16) we may write the 
ratio 9 of velocity on the line to velocity 
in space as 

Vi _ 

v , ” 300 

In Equation (18) X/ is the wave¬ 
length in meters on the line at a fre¬ 
quency / megacycles. 

*r its uAuallv specified a« a percentage or fraction of frre 
apace velocity, rather than an absolute value. 


(18) 


Fici’ltB 3. Plot of the variation with temperature of the observed ratio of input volt¬ 
age to output voltage on the open-circuitcu section of a line in quarter-wave resonance. 
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Sint*' it will usualU In* more ron- 
venient to determine the quarter- 
wavelength (or some odd multiple 
thereof) rather than the full wavelength, 
A,. let us rewrite (18) as 


n 

Vs 


300/i 


(W) 


where / is the length in meters, / the 
frequency in megacycles, and n the ratio 
of line length to wavelength. For the 
quarter-wave line, we have 


r, 75 

or if / is in fro I 


( 20 ) 


m = JL 

V. 246 


( 21 ) 


The condition of quarter-wave res¬ 
onance required for the above equation- 
may In* determined by bridge measure¬ 
ments or from voltage-rise observations. 

V reaction method is frequently recom¬ 
mended for indicating resonance, but 
has the disadvantage that most commer¬ 
cially available oscillators or signal gen¬ 
erators have a buffer amplifier between 
oscillator and output, so that no reaction 
on oscillator plate or grid current can 
In* obtained.) 


Characteristic Impedance from 
Resonant Frequency and 
Capacitance 

The velocity is related to the induc¬ 
tance and capacitance (L ami C) |H*r 
unit length of line by the approximate 
expression 


v ~Vlc 

(22) 

In? written a> 


l 

v ~ cz « 

(22a) 


From Equation (22a) the character¬ 
istic impedance can In* determined if the 
velocity of propagation and the capaci¬ 
tance |N*r unit length are known. The 
capacitance can be measured directly on 
the Type 821-\ Twin-T Inqiedanee 
Measuring Circuit, provided a suffi¬ 
ciently short length is used so that res¬ 
onance effects arc insignificant. The 
length used should not exceed about I 10 
of a quarter-wavelength, if accurate re¬ 
sults are desired. (At a line angle of 10°, 
the effective input capacitance differs by 
V , from the static value.) 

The characteristic impedance can be 
expressed directly in terms of the fre¬ 
quency of quarter-wave resonance and 
total line capacitance as 



(23) 


Example of Measurements 

The capacitance of approximately six 
feet of the Type 77-1 - \ Cable was meas¬ 
ured at 1.26 Me (the previously de¬ 
termined quarter-wave resonant fre¬ 
quency for the 117-foot length) and 
found to be 134.0 ggf. \t 1000 cycles the 
capacitance was measured as I 13.4 ggf. 
The total capacitance of the 117-foot 
length at 1000 cycles was 2954 /utjif. Con¬ 
sequently. the total capacitance of 117 
feel at 1.26 Me ran In* computed as 

Co — 2954 X = 2760 g^f 


Inserting these values in Equation (23) 
we have 


Z 0 = 


, 10 fl 

4 X 1.26 X 2760 


71.9 ohms 


Summary 

In the table following are summarized 
the results obtained by the various 
methods of measurement described. 
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Method 

Instrument 

Zo 

Open- and short-circuit impedance 

Type H21-A Twin-T Impedance- 
Measuring (Circuit 

73,0—y’2.1 ohms 

Open- and short-circuit impedance 

Type 916-A Radio-Frequency 
Bridge 

72.3—y’2.1 ohms 

Resistance-Termination 

Type 916-A Radio-Frequency 
Bridge 

72.3 ohms (corrected 
for reactance of ter¬ 
minating resistance) 

Resistance-Termination with ca¬ 
pacitor in series with terminat¬ 
ing resistance 

Type 916-A Radio-Frequency 
Bridge 

72.2 ohms 

t Capacitance and Resonant Fre¬ 
quency 

Type 821-A Twin-T Impedance- 
Measuring Circuit, Type 716-A 
Capacitance Bridge. Type 
80a-A Standard-Signal (Gener¬ 
ator, Type 726-A Vacuum- 
Tube Voltmeter 

71.9 ohms 


11 should l>e noted that in all (Ik* 
methods desi'nlied for the determination 
of characteristic impedance, with the ex¬ 
ception of the resistance-termination 
method, the frequency of measurement 
enters directly into the calculations. If 
the maximum accuracy of the measur¬ 
ing instruments is to be realized, the 
frequency must accordingly lie known 
accurately, preferably to within 0.1' ,. 

The measurements described in this 
article were made using oscillators and 
signal generators whose* standard accu¬ 
racy of frequency calibration is ±1',* 
More accurate frequency measurements 
were not made as it was desired to de¬ 
termine the consistency of results that 
would lie obtained with standard labo¬ 
ratory equipment. The results obtained 


by the four different methods of meas¬ 
urement are seen to agree with a spread 
of less than 2' ,. 

Uniformity 

If the transmission line is not uniform 
in its characteristics or has discontinu¬ 
ities in construction, the observed value 
of /, ma) dejicnd upon the direction of 
propagation. For the particular section 
of cable on which observations were 
made, a difference of 1.2 ohms was 
noted, when the measurement was made 
by the o|r*ii- and short-circuit im- 
|K*dance method. By the resistance 
termination method, the same value was 
obtained for either direction of prop¬ 
agation. 

In w (G. Easton 


This is the second of a series of two articles by Mr. Easton 
dealing with transmission line measurements. The first 
appeared in the November issue of the Experimenter. 
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SERVICE AND MAINTENANCE NOTES 


• LISTED BELOW an* the General Radio instruments for which Service and 
Maintenance Notes are now available. If you have recently acquired any of these 
instruments, and service notes arc not in your files, write for a copy today. When 
requesting service notes, please give type number and serial number of instrument 
and approximate dale of purchase. Ml correspondence regarding Service and 
Maintenance Notes should he addressed to our Service Department. 


25-A 

Broadcast Frequency Monitor 

714-A 

Vmplifier 

25-\B 

Broadcast Frequency Monitor 

715-A 

Direct-Current \niplificr 

516-C 

Kadio-Frequcncy Bridge ’ 

716-A 

(lapacitancc Bridge L 

5TI-B 

Megohm Bridge 

716-B 

(Capacitance Bridge 

514-P3 

A-C Power Supply 

723-A.-B.-t 

.-1) Vacuum-Tube Fork 

561-D 

Vacuum-Tube Bridge 

726-\ 

V aciium-Tube Voltmeter 

605-A.-B 

Standard-Signal Generator - 

727-A 

Vacuum-Tube Voltmeter 

608-A 

Oscillator 

729-A 

Megohm meter 

614-C 

Selective Amplifier 

Heterodyne Frequency Meter 

731-A 

Modulation Monitor 

616-1) 

731-B 

Modnlation Monitor 

617-C 

Interpolation Oscillator 

732-4 

Distortion and Noise Meter 

620- \ 

Heterodyne Frequency Meter ami 

732-B 

Distortion and Noise Meter 


Calibrator 

733-A 

(>seillalor 

625-A 

Bridge 

736-A 

\\ ave Vnaly/.er 

63I-A.-B 

Strobotac 

740-B 

Capacitance Test Bridge 

636-A 

Wave \nalyzer 

740-BG 

(lapacitancc Test Bridge 

648-A 

Strobohix 

757-A 

U-II-F Oscillator 

650-A 

Impedance Bridge 

759-A 

Sound-Level Meter 

667-A 

Inductance Bridge 

759-B 

Sound-Levcl Meter 

681-A 

Modulated Oscillator 

760-A 

Sound Analyzer 

690-C 

Piezo-Electric < Iscillator 

761-A 

Vibration Meter 

691-C. 

Temperature-! lonlrol Box 

769-A 

Square-\\ ave Generator 

692-B 

Multivibrators 

775-A 

Frequency-Limit Munitor 

693-B 

Syneronomcter 

H04-A 

U-II-F Signul Generator 

694-C 

Control Panel 

804-B 

LMI-F Signal Generator 

698-A 

Dnplex Multivibrator 

805-A 

Standard-Signal <Generator 

700-A 

Wide-Bange Beat-Frequency Os¬ 
cillator y 

821-V 

Th in-T Impedance-Meas¬ 
uring Circuit 

707-A 

Cathode-Bay Null Detector 

834-B 

Electronic Frequency Meter 

713-A 

Beat-Frequency Oscillator * 

B ea t - Free piency Osei 1 la tor 

913-A 

Beat-Frequency Oscillator 

V ariaes (all types) 1 

713-B 

— 


v 
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A SECOND STAR FOR OUR “E” BANNER 

The accompanying letter from llie Navy’s Board of Production Awards g|R*ak» 
for itself. Needless to say, we at General Radio are proud that our efforts have won 
a second renewal of the e 'K.” To all in other organizations whose co-operation has 
helped us to keep up our production record we express our sincere appreciation 



r M 1 IIE General Radio EXPERIMENTER is mailed without charge each month 
to engineers. scientists. technicians. and others interested in communi¬ 
cation -frequency measurement and control problems. When sending re - 
r/ nests for subscriptions and address-change notices, please supply the 
following information: name, company name , company address , type of 
business company is engaged in. and title or position of individual. 
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